SUMMARY
Progranulin (GRN) and TMEM106B are associated with several common neurodegenerative disorders including frontotemporal lobar degeneration (FTLD). A TMEM106B variant modifies GRN-associated FTLD risk. However, their functional relationship in vivo and the mechanisms underlying the risk modification remain unclear. Here, using transcriptomic and proteomic analyses with Grn À/À and Tmem106b À/À mice, we show that, while multiple lysosomal enzymes are increased in Grn À/À brain at both transcriptional and protein levels, TMEM106B deficiency causes reduction in several lysosomal enzymes. Remarkably, Tmem106b deletion from Grn À/À mice normalizes lysosomal protein levels and rescues FTLD-related behavioral abnormalities and retinal degeneration without improving lipofuscin, C1q, and microglial accumulation. Mechanistically, TMEM106B binds vacuolar-ATPase accessory protein 1 (AP1). TMEM106B deficiency reduces vacuolar-ATPase AP1 and V0 subunits, impairing lysosomal acidification and normalizing lysosomal protein levels in Grn À/À neurons. Thus, Grn and Tmem106b genes have opposite effects on lysosomal enzyme levels, and their interaction determines the extent of neurodegeneration.
INTRODUCTION
Progranulin (PGRN) is a widely expressed secreted glycoprotein that plays a role in development, wound repair, and tumorigenesis. In the CNS, PGRN is expressed by neurons and microglia. Haploinsufficiency due to heterozygous loss-of-function mutations in the PGRN gene (GRN) is a frequent cause of familial frontotemporal lobar degeneration (FTLD)-TDP (trans-activation response element [TAR] DNA-binding protein), the common FTLD subtype characterized by neuronal inclusions of TAR DNA-binding protein 43 (TDP-43) (Cenik et al., 2012; De Muynck and Van Damme, 2011; Petkau and Leavitt, 2014) . Rare homozygous GRN mutations cause neuronal ceroid lipofuscinosis (NCL) (Smith et al., 2012) . Several previous genetic studies have also suggested PGRN as a risk factor for Alzheimer's disease (AD), hippocampal sclerosis, and Gaucher disease Jian et al., 2016b; Jing et al., 2016) .
TMEM106B was initially described as a risk modifier of FTLD-TDP by a genome-wide association study (GWAS) (Nicholson and Rademakers, 2016) . FTLD-TDP risk association is increased in GRN mutation carriers where SNPs in TMEM106B reduce disease penetrance (Finch et al., 2011; Van Deerlin et al., 2010) . The TMEM106B risk allele is reportedly associated with lower PGRN levels (Cruchaga et al., 2011; Finch et al., 2011) . Subsequently, TMEM106B has been found to be a protective genetic modifier against C9ORF72 expansion-causing FTLD (Gallagher et al., 2014; van Blitterswijk et al., 2014) . TMEM106B SNPs may also modify the pathological presentation of AD (Rutherford et al., 2012) . Several genetic studies have also reported a significant underrepresentation of the TMEM106B protective allele in hippocampal sclerosis patients Nelson et al., 2015) .
Despite an overlapping role of GRN and TMEM106B in neurodegenerative disorders, their functional relationship in the brain as well as the disease processes remains unknown. PGRN is thought to have neurotrophic and anti-inflammatory effects in the brain. However, recent studies also link PGRN to lysosomal biology. NCL and Gaucher diseases, in which PGRN is implicated, are lysosomal storage disorders. PGRN binds several lysosomal proteins such as sortilin, prosaposin, and b-glucocerebrosidase Jian et al., 2016a; Zhou et al., 2015) . Lysosomal proteins, which accumulate in NCL, have also been found to accumulate in FTLD-TDP patients with GRN mutations (Gö tzl et al., 2014) . TMEM106B is a transmembrane protein that localizes to the endo-lysosomal membrane (Brady et al., 2013; Chen-Plotkin et al., 2012; Lang et al., 2012) . TMEM106B controls the size, number, motility, and trafficking of lysosomes in both neuronal and non-neuronal cells (Brady et al., 2013; ChenPlotkin et al., 2012; Schwenk et al., 2014; Stagi et al., 2014) . These studies suggest that PGRN and TMEM106B play a critical role in lysosomal biology. To date, TMEM106 loss of function has been investigated in vitro, and it remains unclear which brain phenotypes require TMEM106B in vivo. In addition, the interplay between PGRN and TMEM106B in the lysosome is yet to be determined.
To investigate effects of TMEM106B loss of function on brain function in vivo and its relationship to PGRN, we created TMEM106B-deficient (Tmem106b À/À ) mice and perform transcriptomic and proteomic analyses using 2-month-old Grn À/À and Tmem106b À/À mice. While lysosomal dysregulation is the most prominent early change found in Grn À/À brain at both transcriptional and protein levels, Tmem106b À/À brain shows opposite changes in several lysosomal enzymes at the protein level.
Given the opposite protein changes in null mice and the genetic interaction in FTLD-TDP, we crossed these mouse strains.
Remarkably, TMEM106B deficiency not only normalizes the lysosomal protein dysregulation, but also rescues FTLD-related behavioral deficits and retinal degeneration in Grn À/À mice.
We show that TMEM106B interacts with V-ATPase and its deficiency causes downregulation of V-ATPase V0 domain, impairment in lysosomal acidification, and thereby normalizes lysosomal enzyme activity in Grn À/À neurons. These results provide novel insights into TMEM106B biology in the brain, the functional connection between Grn and Tmem106b, and neurodegenerative disorders related to these proteins including FTLD-TDP.
RESULTS

Transcriptomic and Proteomic Analyses Reveal Global
Lysosome Dysfunction in Grn -/-Brain Grn À/À mice recapitulate several features of PGRN-deficient FTLD as well as NCL, including accumulation of lipofuscin, microgliosis, and retinal degeneration while Grn +/À mice do not (Ahmed et al., 2010; Filiano et al., 2013; Hafler et al., 2014; Petkau et al., 2012; Yin et al., 2010a Yin et al., , 2010b . Therefore, the PGRN-null mice have been used as the best available experimental mouse model for these disorders. In order to examine early global alterations occurring in 2-month-old Grn À/À brain at both transcriptional and protein levels, we performed genome-wide RNA sequencing (RNAseq) and a label-free quantitation liquid chromatography mass spectrometry (LFQ-LCMS). The proteomic technique calculated levels based on the normalization to the total protein abundance in each sample with a false discovery rate of <1% ( Figure 1A ). The RNA-seq and LFQ-LCMS analyses identified 958 genes and 256 proteins differentially expressed (DE), respectively, between wild-type (WT) versus Grn À/À brains. We then performed gene ontology (GO) analysis of the differentially expressed species in both analyses using KEGG pathways. Interestingly, in the both cases, the GO analysis identified lysosome as the most significantly enriched term after Bonferroni correction with 14 and eight genes identified as part of the pathway in RNA-seq and LFQ-LCMS, respectively ( Figure 1B Figure 1C ). The differentially expressed lysosomal genes include Cathepsins (Cat) CatD, CatS, CatB, CatC, and CatZ and lysosomal-associated membrane protein 1 (LAMP1) and LAMP2 and b subunit of hexosaminidase (Hex) in protein names in RNA-seq ( Figure 1D ; Table S1 ). In addition to CatB and CatL, tripeptidyl-peptidase 1 (TPP1) and dipeptidyl-peptidase 2 (DPPII) were also in the differentially expressed lysosomal genes in LFQ-LCMS analysis ( Figure 1E ; Table S2 ). These transcriptomic and proteomic analyses clearly suggest lysosomal dysregulation as one of the earliest global changes occurring in Grn À/À brain at both transcriptional and protein levels.
As PGRN is thought to be involved in microglial neuroinflammation, we also analyzed typical microglial pro-and anti-inflammatory genes including interleukin 1b (IL-1b), inducible nitric oxide synthase (iNOS), and transforming growth factor b (TGF-b) as well as common microglial markers such as Iba1 and CD11b using our RNA-seq dataset. Interestingly, none of these genes and markers is significantly changed or detected in our RNA-seq analysis (Table S3) . Recent transcriptome analysis of Grn À/À mice has shown that the complement pathway is upregulated (Lui et al., 2016) . Our KEGG analysis also identified the complement pathway as it relates to S. aureus infection (Figure 1B ). In addition, using the STRING protein-protein interaction network analysis (von Mering et al., 2003) of our RNA-seq dataset, we found transcriptional upregulation of several complement proteins including C1q as a part of microglial TYROBP network genes (TNGs) caused by PGRN deficiency ( Figure S1 ) (Takahashi et al., 2017) . Together, these results suggest that PGRN deficiency has no effects on typical microglial pro-and anti-inflammatory genes but does induce transcriptional upregulation of microglial TNG including C1q beginning at 2 months of age.
PGRN Deficiency Causes Early and Sustained Lysosomal Enzyme Dysregulation
To validate the findings of the RNA-seq and LFQ-LCMS analyses, we first performed immunoblot analysis using 2-monthold WT and Grn À/À brain lysates. Immunoblots for DPPII, CatB, CatL, and LAMP1 show a significant increase in these lysosomal enzymes in Grn À/À brain (Figures 2A and 2B ). We next examined the magnitude of lysosomal enzyme changes over the course of the animal's lifetime. For immunohistochemistry, we quenched autofluorescent signal by copper sulfate treatment prior to imaging . Immunostaining for DPPII shows a significant increase in the immunoreactive area in both thalamus and cortex of Grn À/À mice, largely driven by increase in number of DPPII-positive puncta . Double immunofluorescence with anti-NeuN antibody shows predominant neuronal accumulation of DPPII ( Figure 2D ). In addition, the magnitude of increase in DPPII-positive area does not change from 2 months of age to 12 months of age in the cortex but increases slightly by 12 months of age in the thalamus ( Figures  2E and 2F ). We also measured lysosomal enzyme activities using (Kaushik and Cuervo, 2009) . PGRN deficiency significantly increases lysosomal proteolysis in primary cultured cortical neurons ( Figure 2J ). Finally, we assessed lipofuscin deposition, an indicator of lysosomal dysregulation, and found that it accumulates at 2 months of age in Grn À/À mice in both the cortex and thalamus, with the most robust changes occurring in the thalamus ( Figures 2K, 2L , and S2). Thus, altered lysosomal enzyme amount and activity start in early adulthood and do not change appreciably as other abnormalities, such as microgliosis, develop at later ages (Ahmed et al., 2010; Filiano et al., 2013; Petkau et al., 2012; Yin et al., 2010a Yin et al., , 2010b .
TMEM106B and PGRN Bidirectionally Control Lysosomal Biology In Vivo
Although TMEM106B has also been reported to localize at the lysosome and function as a regulator of lysosomal size, stability, and motility in vitro (Brady et al., 2013; Chen-Plotkin et al., 2012; Stagi et al., 2014) , its in vivo role in the brain and its relationship to PGRN remain unclear. To address these questions, we generated Tmem106b À/À mice ( Figure S3A ). Real-time qPCR using a probe directed against exons 3 and 4 confirms the absence of mature Tmem106b transcript in the mice (Figures S3B and S3C) . Tmem106b +/À mice show a comparable level of TMEM106B mRNA, suggesting the presence of compensatory mechanisms of TMEM106B upregulation upon deletion of one Tmem106b allele ( Figure S3C ). Immunoblot of detergent-soluble fractions from WT and Tmem106b À/À brains shows depletion of the 70-kDa immunoreactive band specifically in Tmem106b À/À brain ( Figure S3D ). Consistent with a previous study (Chen-Plotkin et al., 2012) , the immunoreactive bands are lost after heat treatment ( Figure S3E ). Tmem106b
mice are born in expected Mendelian ratio and appear phenotypically normal.
To characterize the Tmem106b À/À brain at the transcriptional and protein levels, we performed RNA-seq and LFQ-LCMS analyses of 2-month-old Tmem106b À/À brain ( Figure 3A) . Surprisingly, RNA-seq analysis shows minimal changes (54 differentially expressed genes between WT versus Tmem106b À/À ), and the only differentially expressed lysosomal gene among 364 mouse lysosomal genes was TMEM106B itself ( Figure 3B ; Table S4 ). Thus, TMEM106B deficiency does not transcriptionally regulate the lysosome at 2 months of age. We also observed no significant transcriptional changes in microglial pro-and anti-inflammatory genes or the TNG (Table S5 ). However, LFQ-LCMS protein analysis revealed that multiple lysosomal enzymes, which we previously found to be upregulated in Grn À/À brain (Figure 1 ), are downregulated in Tmem106b À/À brain. Among the proteins that changed in the opposite direction are the proteases CatB, CatL, and DPPII ( Figures 3C and 3D ), suggesting that TMEM106B and GRN exert bidirectional control over several lysosomal proteins in vivo.
Loss of TMEM106B Rescues Dysregulation of Several Lysosomal Enzymes in Grn -/-Mice
Given the opposing lysosomal protein phenotypes in the two null mouse lines and the human genetic interaction (Finch et al., 2011; Van Deerlin et al., 2010) 4E ). We also examined whether loss of TMEM106B affects increased lysosomal enzymatic activities caused by PGRN deficiency. Interestingly, while increased CatB and DPPII enzyme (F) Quantification of the number of DPPII-positive puncta in thalamus and cortex of P15 and 2-, 6-, and 12-month-old WT and Grn À/À mice. Mean ± SEM, n = 3-5/ group, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA comparing WT versus Grn À/À at 2, 6, and 12 months separately with Sidak's post hoc multiple comparisons test.
(G) CatB activity using WT and Grn À/À brain lysates at P15 and 2, 4, and 13 months of age. Mean ± SEM, n = 4/group, *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test.
(H) DPPII activity using WT and Grn À/À brain lysates at P15 and 2, 4, and 13 months of age. Mean ± SEM, n = 4/group, *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test.
(I) Hex A/B/S activity using WT and Grn À/À brain lysates at P15 and 2, 4, and 13 months of age. Mean ± SEM, n = 4/group, *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test. (J) Lysosomal proteolysis (%) in DIV21 WT and Grn À/À cortical neurons. Mean ± SEM, n = 8-16 embryos from two to five mice/group, *p < 0.05; unpaired t test.
(K) Representative images of autofluorescence using 488 nm excitation in thalamus of 2-month-old WT and Grn À/À mice. Bar, 50 mm.
(L) Quantification of fractional area (%) occupied by autofluorescent puncta measured in (K). Mean ± SEM, n = 4-5/group, *p < 0.05, **p < 0.01, ***p < 0. Figure 4K ). Together, these observations demonstrate that loss of TMEM106B normalizes the prominent Grn-null phenotype of elevated lysosomal enzyme and proteolysis.
TMEM106B Deficiency Causes Impairment in Lysosomal Acidification
We next sought to understand the mechanism by which TMEM106B deficiency normalizes the lysosomal enzyme dysregulation in Grn À/À mice. As TMEM106B deficiency has no significant effect on transcriptional levels ( Figure 3B ), the normalization we observe in double deletion Grn À/À Tmem106b À/À mice must occur at the protein level. Confirming the RNA-seq results, real-time qPCR analyses show that loss of TMEM106B has no significant effect on transcriptional upregulation of several lysosomal genes in Grn À/À mice even at 7 months of age ( Figure S4A ).
We thus analyzed the intersection of differentially expressed proteins in Tmem106b À/À mice identified by LFQ-LCMS analysis with 364 mouse lysosomal genes. We observed that vacuolarATPase (V-ATPase) V0 domain subunits V0a1, V0c, and V0d1 and accessary protein 1 (AP1) are significantly downregulated in Tmem106b À/À mice ( Figures 5A-5C ). These V0 subunits are not significantly altered in Grn À/À brain in either the RNA-seq or the LFQ-LCMS datasets (Figures 5C and S5A) . The LFQ-LCMS dataset also shows no significant increase in V-ATPase V1 subunits in Grn À/À brain ( Figure S5B ). These results demonstrate that PGRN deficiency has no effect on V-ATPase levels and changes in V-ATPase V0 domain subunits are caused selectively by TMEM106B loss. As V-ATPase is responsible for lysosomal acidification (Colacurcio and Nixon, 2016; Cotter et al., 2015; Forgac, 2007; Mindell, 2012; Toei et al., 2010) , we examined whether TMEM106B deficiency affects lysosomal acidification in primary cultured cortical neurons by using the pH-sensitive dye LysoTracker red DND-99 (Busch et al., 2016; Chen-Plotkin et al., 2012) (Figure S6A) . Tmem106b À/À neurons survive in culture and develop normal morphology as detected by MAP2 staining (Figures 5E and 5I) . However, TMEM106B deficiency significantly reduces LysoTracker-positive lysosomal area despite a comparable cell density between WT and Tmem106b À/À neurons ( Figures   5D, 5F , 5I, S6B, and S6C). Not only is acidified lysosomal area decreased, but the fluorescent intensity detected within this area by LysoTracker is also decreased significantly by loss of TMEM106B ( Figures 5G, S6B , and S6C). There is a 15%-20% decrease in integrated intensity of LysoTracker signal in neurons lacking TMEM106B ( Figures 5H, S6B , and S6C). Thus, TMEM106B deficiency impairs lysosomal acidification. These results led us to hypothesize that downregulation of V-ATPase V0 domain and impairment in lysosomal acidification by TMEM106B deficiency destabilizes several lysosomal enzymes and normalizes protein levels in Grn À/À mice. To test whether impaired acidification is sufficient, we examined the effects of Bafilomycin A1 (BafA1), a V-ATPase inhibitor (Yoshimori et al., 1991; Zhang et al., 1994) , on DPPII and TPP1 enzyme activities and lysosomal proteolysis in Grn À/À primary cultured cortical neurons. Treatment with BafA1 for 2 days significantly decreases DPPII and TPP1 enzyme activity and lysosomal proteolysis in Grn À/À neurons ( Figures S7A-S7C ). These results suggest that impairment in lysosomal acidification can decrease lysosomal enzyme activity and proteolysis in the Grn À/À background, supporting the hypothesis for TMEM106B action in double knockout brain via V-ATPase regulation.
TMEM106B Interacts with V-ATPase AP1
Given that TMEM106B deficiency causes downregulation of V-ATPase V0 domain subunits and AP1 as well as an impairment in lysosomal acidification, we examined whether TMEM106B physically interacts with V-ATPase to stabilize the protein.
We first performed co-immunoprecipitation (coIP) assay using HEK293T cells expressing TMEM106B-GFP and myc-DDKtagged V-ATPase V0 domain and AP1 subunits. Interestingly, myc-DDK-tagged V-ATPase AP1 is strongly co-immunoprecipitated with TMEM106B-GFP, while myc-DDK-tagged V-ATPase V0 domain subunits V0c and V0d1 are only weakly co-immunoprecipitated with TMEM106B-GFP ( Figure 6A and 6B), suggesting that TMEM106B binds V-ATPase via AP1. We were unsuccessful in overexpressing V-ATPase V0a1 (data not shown). As a lysosomal protein control, myc-DDK-tagged CatB is not co-immunoprecipitated with TMEM106B-GFP (Figures 6A and 6B). Endogenous V-ATPase AP1 in HEK293T cells is also coimmunoprecipitated with TMEM106B-mCherry (Figures 6C and 6D) . Mapping experiments using GFP-tagged TMEM106B lacking either the N-terminal or C-terminal region (DN or DC) show a significant decrease (>50%) in coIP of myc-DDK-tagged V-ATPase AP1 with DC TMEM106B-GFP, while the N-terminal deletion has no significant effects on their interaction ( Figures  6E-6G ). These results suggest that lumenal segment of TMEM106B contributes substantially to TMEM106B interaction with V-ATPase AP1. Incomplete loss of coIP of V-ATPase AP1 by the C-terminal deletion, however, also suggests that the transmembrane domain participates in the protein association as well. Thus, physical interaction of TMEM106B and V-ATPase AP1 provides a mechanism for regulation of lysosomal acidification by loss of TMEM106B. Figure 8B ). General locomotor behavior in the plus maze assay was not significantly different between the genotypes (data not shown). Taken together, these data show that, in addition to rescuing the histological and biochemical abnormalities of several lysosome enzymes, Tmem106b deletion also rescues behavioral deficits in Grn À/À mice.
Loss of TMEM106B Does
TMEM106B Absence Rescues Retinal Degeneration in
Previous studies have shown that Grn À/À mice develop retinal degeneration. Importantly, the retinal degenerative phenotype is also found in PGRN-deficient FTLD as well as NCL Ward et al., 2014) . Our preliminary experiments show that the retinal degeneration can be detected in Grn À/À mice as early as 5 months of age (unpublished observations). We therefore tested whether TMEM106B deficiency modulates the retinal degeneration using 7-month-old animals. While (Figures 8C and 8D) . As for brain, TMEM106B deficiency has no significant effect on lipofuscin accumulation in Grn À/À retina ( Figures 8E and S8A) . We also tested whether TMEM106B deficiency affects CD68-positive microglial accumulation in Grn À/À retina. We did not observe any significant change in CD68-positive immunoreactive area in Grn À/À Tmem106b À/À retina, compared to Grn À/À ( Figures   S8B and S8C ). These results demonstrate that Tmem106b deletion also prevents retinal ganglion cell degeneration in Grn À/À mice despite the absence of rescue of lipofuscin and CD68-positive microglial accumulation.
DISCUSSION
The major finding of this study is that TMEM106B deficiency ameliorates not only lysosomal dysregulation, but also FTLDrelated behavioral and retinal degenerative phenotypes in Grn À/À mice. Importantly, accumulation of lipofuscin, CD68-positive microglia, and complement C1q in Grn À/À mice is not reverted by TMEM106B loss. In addition, we found that TMEM106B physically interacts with V-ATPase and that loss of TMEM106B causes downregulation of V-ATPase V0 domain and impairment in lysosomal acidification, thereby normalizing the level of several lysosomal enzymes in Grn À/À neurons. Our findings provide novel insights into several important issues in the CNS.
The Mechanism of PGRN Deficiency-Induced Neurodegeneration PGRN reduction is associated with several neurodegenerative disorders such as FTLD, NCL, and AD. Loss of the protein in mice affects diverse cellular processes especially at late stage of the animal lifetime (Kleinberger et al., 2013) . In the present study, we therefore sought to understand the earliest changes that occur by PGRN deficiency. Our GO analysis using differentially expressed genes from transcriptomic and proteomic analyses of 2-month-old Grn À/À mice identified lysosome as the most significantly enriched terms, suggesting that lysosomal dysfunction is one of the earliest changes in Grn À/À mice. (Rosen et al., 2011) . A recent study using transcriptome profiling using microarray of Grn À/À mice brain shows that the complement pathway is dysfunctional (Lui et al., 2016) . These two studies differ from ours in key ways such as mouse lines, ages, and sequencing technique. However, interestingly, these studies have also identified upregulation of lysosomal genes, suggesting that lysosomal dysregulation is one of the most common events caused by PGRN deficiency. While Lui et al. investigated lysosomal defects in Grn À/À microglia, our DPPII and NeuN double immunostaining using the brain sections and lysosomal enzyme and proteolytic analyses using primary cultured neurons clearly suggest that lysosomal dysfunction occurs prominently in neurons. The mechanisms by which PGRN deficiency causes transcriptional and protein upregulation in lysosome are currently unclear and require further investigation. PGRN is also thought to be involved in microglial neuroinflammation. However, our RNA-seq analysis showed no significant changes in pro-and anti-inflammatory genes and microglial markers such as iNOS, IL-1b, TGF-ß, Iba1, and CD11b in 2-month-old Grn À/À brain. We have also previously shown no significant changes in these genes at 6 months of age (Takahashi et al., 2017) . On the other hand, consistent with a recent study (Lui et al., 2016) , we found transcriptional upregulation of complement proteins including C1q as a part of microglial TNG in 2-month-old Grn À/À mice. The microglial TNG upregulation persists at 6 months of age (Takahashi et al., 2017) . Remarkably, upregulation of TNG such as TYROBP (also known as DAP12 in mice), TREM2, MS4A7, CD68, and Lyz2 in Grn À/À mice has been observed in three independent transcriptome studies (Lui et al., 2016; Rosen et al., 2011; Takahashi et al., 2017) . Taken together, our study as well as previous transcriptome analyses using different Grn À/À strains suggests that upregulation in lysosomal genes and microglial TNG expression are mice. Mean ± SEM, n = 5/genotype, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Dunnett's post hoc test. (F) DPPII activity using 7-month-old WT, Grn
, and Grn À/À Tmem106b À/À brain lysates. Mean ± SEM, n = 3-4/genotype, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Tukey's post hoc test. (G) CatB activity using 7-month-old WT, Grn
, and Grn À/À Tmem106b À/À brain lysates. Mean ± SEM, n = 3-4/genotype, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Tukey's post hoc test.
(H) Hex A/B/S activity using 7-month-old WT, Grn
, and Grn À/À Tmem106b À/À brain lysates. Mean ± SEM, n = 3-4/genotype, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Tukey's post hoc test. (I) DPPII activity using DIV21 WT, Grn
, and Grn À/À Tmem106b À/À cortical neurons. Mean ± SEM, n = 6-13 embryos from two to four mice/ genotype, *p < 0.05; one-way ANOVA with Tukey's post hoc test. (J) TPP1 activity using DIV21 WT, Grn
, and Grn À/À Tmem106b À/À cortical neurons. Mean ± SEM, n = 6-13 embryos from two to four mice/ genotype, *p < 0.05; one-way ANOVA with Tukey's post hoc test.
(K) Lysosomal proteolysis (%) of DIV21 WT and Grn À/À Tmem106b À/À cortical neurons. Mean ± SEM, n = 7-16 embryos from two to five mice/genotype, *p < 0.05; unpaired t test. This experiment was performed simultaneously with Figure 2J . The WT group value is therefore identical to Figure 2J . 
TMEM106B Biology in the Brain
Although there are several studies investigating TMEM106B biology, our study is the first to examine physiological role of TMEM106B in the brain in vivo using Tmem106b À/À mice. By using LFQ-LCMS and biochemical techniques, we report here that protein levels of several lysosomal enzymes including DPPII, CatB, and LAMP1 are decreased in Tmem106b À/À brain.
These results clearly suggest that TMEM106B plays an important role in lysosomal homeostasis in the brain. Importantly, our study also shows that TMEM106B binds V-ATPase, an enzyme regulating lysosomal acidification, probably through V-ATPase AP1, and its deficiency causes downregulation of V-ATPase V0 domain subunits and AP1 and impairment in lysosomal acidification, thereby decreasing the lysosomal enzymes. Interestingly, previous in vitro studies have shown that overexpression of TMEM106B also exhibits impaired lysosomal acidification (Busch et al., 2016; Chen-Plotkin et al., 2012) , although the underlying mechanisms are unclear. Similar results from overexpression and knockout experiments suggest that wellcontrolled balance of TMEM106B levels might be critical to maintain proper lysosomal acidification. We have previously shown that overexpression of TMEM106B induces nuclear translocation of transcription factor EB (TFEB), a major regulator of lysosomal biogenesis and autophagy and upregulation of CLEAR network genes . In the present study, our RNA-seq analysis using 2-month-old Tmem106b À/À mice, however, showed only a minor transcriptional change (54 genes), and no lysosomal differentially expressed genes were identified except for Tmem106b. Realtime qPCR using 7-month-old Tmem106b À/À mice also showed no significant changes in SLC17A5, CatD, CatS, and LAMP1, suggesting that TMEM106B deficiency has no significant effects on transcriptional change in lysosomal genes. The effect of TMEM106B on TFEB is apparently specific to overexpression. It is also possible that there are compensatory mechanisms upon constitutive TMEM106B deficiency.
The Mechanism of TMEM106B Modulation in PGRNDeficient FTLD-TDP Accumulating evidence suggests that lysosomal dysregulation plays a role in FTLD as mutations in several endolysosomal genes have been found to cause FTLD, such as valosin containing protein (VCP) (Schrö der et al., 2005; Watts et al., 2004) , and charged multivesicular body 2B (CHMP2B) (Skibinski et al., 2005 showing no significant changes in microglial genes.
In the present study, we found that, while TMEM106B deficiency causes downregulation of V-ATPase V0 domain subunits, no significant changes in these subunits at both transcriptional and protein levels are found in Grn À/À mice. Therefore, lysosomal protein normalization that we observed in Grn
Tmem106b
À/À mice is not simply due to correction of aberrant V-ATPase levels caused by PGRN deficiency. This is partially supported by the fact that TMEM106B deficiency does not normalize the dysregulation of all lysosomal enzymes observed in Grn À/À mice.
TDP-43-positive inclusions are a hallmark of PGRN-deficient FTLD-TDP. However, so far there are no studies that have successfully recapitulated the TDP-43 pathology using Grn À/À or Grn +/À mice. The mechanisms by which PGRN deficiency differentially affects TDP-43 pathology between humans versus mice are currently unclear, and further investigation will be necessary.
The Mechanism of Lipofuscin Formation and Its Role in Neurodegeneration
Accelerated deposition of lipofuscin, autofluorescent lipopigment that accumulates in postmitotic cells over the lifetime of an organism, is frequently observed in neurodegenerative disorders including NCL and AD. A recent study has also reported increased lipofuscin in heterozygous GRN mutation carriers (Ward et al., 2017) . The molecular mechanisms underlying increased lipofuscin accumulation by PGRN deficiency are currently unknown. In the present study, we found that TMEM106B deficiency has no significant effects on lipofuscin phenotype in Grn À/À mice despite rescue of dysfunction in several lysosomal proteolytic enzymes. This result suggests that rescue of lipofuscin may require a broader or different correction of lysosomal enzymes in Grn À/À mice. Importantly, increased
Hex A/B/S activity of Grn À/À mice is not affected by TMEM106B
loss, suggesting that they might be critical in lipofuscin accumulation in this strain. Further studies will be needed to clarify which lysosomal enzymes are involved in lipofuscin formation associated with PGRN loss. However, we have shown amelioration of retinal degeneration in Grn À/À Tmem106b À/À mice without improving lipofuscin phenotype. It remains controversial whether lipofuscin in the brain is pathogenic, inert, or protective (Gray and Woulfe, 2005; Stojanovic et al., 1994) . Our findings suggest that lipofuscin may not be critical for neurodegeneration in FTLD and NCL.
In conclusion, our transcriptomic and proteomic analyses using Grn À/À and Tmem106b À/À mice uncover the opposing role of these proteins in lysosomal enzyme homeostasis. In addition, amelioration of FTLD-related phenotypes in Grn À/À Tmem106b À/À mice suggests TMEM106B or V-ATPase inhibition as a potential therapeutic target for PGRN-deficient FTLD-TDP. It will be important to investigate whether impairment in lysosomal acidification by TMEM106B deficiency is also protective against the other contexts including C9orf72-related FTLD and AD.
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Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephen M. Strittmatter (stephen.strittmatter@yale.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
The targeting vector PGS00041_A_C06, developed by the Welcome Trust Sanger Institute, encoded an insertion of a lacZ gene trap cassette in between exons 3 and 4 of the Tmem106b gene. Tmem106b tm1a(KOMP)Wtsi mice were created by blastocyst injection of targeted ES-cell clone EPD0047_1_E02_M25 from the C57BL/6N strain from the Knockout Mouse Project (KOMP) Repository. GrnÀ/À mice, whose generation has been described previously (Kayasuga et al., 2007) , were obtained from the RIKEN Bioresource Center. GrnÀ/À mice were on a C57BL/6J background. Age matched C57BL/6J mice were used as wild-type controls. All mice were maintained on a 12 hr light-dark schedule with access to standard mouse chow and water ad libitum. All animal studies were conducted with approval of the Yale Institutional Animal Care and Use Committee. Both male and female mice were included in all of these studies, with animals being collected from sequential littermates of the appropriate genotypes for various experiments. The age of mice was an experimental variable, and is specified in each Figure legend.
Primary Neuronal Culture
Primary mouse cortical neurons were prepared from E17-18 embryos (both male and female) as described previously , plated at 50,000 cells/well onto PDL-coated 96 well plates (CORNING #354461) and cultured in Neurobasal-A medium (GIBCO) supplemented with B27, 1 mM sodium pyruvate, GlutaMAX-I, and 100 U/mL penicillin and 100 mg/mL streptomycin (all from GIBCO) at 37 C in 5% CO 2 .
Cell culture and transfection HEK293T cells (ATCC) were maintained in DMEM (GIBCO) supplemented with 10% fetal bovine serum (GIBCO), 100 U/mL penicillin and 100 mg/mL streptomycin (GIBCO) at 37 C in 5% CO 2 . Transient transfection was performed with Lipofectamine 2000 (Invitrogen).
METHOD DETAILS Experimental Design
All behavioral measurements and all imaging quantifications were conducted by experimenters unaware of experimental group. Mice were collected sequentially from littermate cohorts without regard to sex or any characteristic other than the specified genotypes. The data from all observations were pooled by experimental group for statistical analysis. The n values are specified in each Figure legend , and reflect either separate mice or separate experimental batches as appropriate and as indicated. Sample sizes were determined to be comparable to previous studies that examined PGRN-related changes in CNS histology and behavior (Ahmed et al., 2010; Hafler et al., 2014; Takahashi et al., 2017; Yin et al., 2010a; Yin et al., 2010b) .
RNASeq RNA was extracted from cortex using Trizol extraction and Purelink RNA kit (ThermoFisher Scientific). Bioanalyzer chips were used to assess RNA quality prior to RNA sequencing. 75 bp single-end sequencing was performed on an Illumina HiSeq 2000 machine (Illumina) following the manufacturer's instructions. Data quality was assessed using FastQC. Adaptor sequences were trimmed. Next, the first 6 bases from the 5 0 region were trimmed. Bases with quality lower than 30 were removed from both ends. Any reads % 45 bp after trimming were removed from further analysis. Reads that passed the quality control were aligned to the reference genome using TopHat2. The number of reads mapped to each transcript was obtained using HRSeq-count. Transcripts with R to 1 read in at least 2 samples were kept for further analysis. Out of a total 39179 genes, 19489 genes were included at this step. Counts numbers were normalized using R package RUVseq to remove unwanted variations. Differential expression was tested for normalized count data using the R package edgeR, with a generalized linear model. Genes with FDR control p value % 0.05 were identified as differentially expressed genes. Heatmaps were made using the matrix visualization and analysis platform, GENE-E (Broad Institute, https://www.broadinstitute.org/cancer/software/GENE-E/). STRING interactome software was used to visually represent the differentially expressed genes and perform Gene Ontology analysis (Jensen et al., 2009 ).
Mass spectrometry
Forebrains were washed briefly in ice cold PBS and blotted, homogenized in 4 volumes of 1x Extraction Buffer (Sigma, E1156) supplemented with Protease Inhibitor Cocktail (Sigma, P8340) in a dounce homogenizer. Lysates were centrifuged at 1,000 x g for 10 min at 4 C. The supernatant (supernatant 1) was removed and transferred to an empty tube. The pellet was then rehomogenized in 2 volumes of 1x Extraction Buffer and homogenized at 1,000 x g for 10 min at 4 C. The supernatant (supernatant 2) was pooled with supernatant 1 and centrifuged at 20,000 x g for 10 min at 4 C. The pellet was resuspended in RIPA (0.8 mL/g of original tissue) and spun down at 20,0000 x g for 10 min at 4 C and analyzed using mass spectrometry. Chloroform-methanol:water protein precipitation was performed, and dried protein pellet was resuspended in Rapigest (Waters Inc) containing 50 mM ABC, reduced with DTT alkylated with iodoacetamide, and dual enzymatic digestion with LysC and trypsin (carried out at 37 C for 4 h), respectively. Digestion incubation was continued overnight ($16 h) and subsequently quenched (with 0.1% formic acid) during the de-salting step with C 18 UltraMicroSpin columns. The effluents from the de-salting step were dried and re-dissolved in 5 ml 70% FA and 35 ml 0.1% TFA. An aliquot was taken to obtain total digested protein amount. A 1:10 dilution of Pierce Retention Time Calibration Mixture (Cat# 88321) was added to each sample prior to injecting on the UPLC LTQ Orbitrap ELITE mass spectrometer for normalization of LFQ data.
Label-Free Quantitation (LFQ) was performed on a Thermo Scientific Q-Exactive Plus mass spectrometer connected to a Waters nanoACQUITY UPLC system equipped with a Waters Symmetry C18 180 mm 3 20 mm trap column and a 1.7-mm, 75 mm 3 250 mm nanoACQUITY UPLC column (35 C). The digests were diluted to 0.05 mg/ml with 0.1% TFA prior to injecting 5 ml of each duplicate analysis in block randomized order. To ensure a high level of identification and quantitation integrity, a resolution of 60,000 was utilized for MS and 15 MS/MS spectra was acquired per MS scan using HCD. All MS (Profile) and MS/MS (centroid) peaks were detected in the Orbitrap. Trapping was carried out for 3 min at 5 ml/min in 99% Buffer A (0.1% FA in water) and 1% Buffer B [(0.075% FA in acetonitrile (ACN)] prior to eluting with linear gradients that will reach 30% B at 140 min, 40% B at 155 min, and 85% B at 160 min. Two blanks (1st 100% ACN, 2nd Buffer A) will follow each injection to ensure against sample carry over.
The LC-MS/MS data were processed with Progenesis QI Proteomics software (Nonlinear Dynamics, version 2.0) with protein identification carried out using the Mascot search algorithm. The Progenesis QI software performs feature/peptide extraction, chromatographic/spectral alignment (one run is chosen as a reference for alignment), data filtering, and quantitation of peptides and proteins. A normalization factor for each run was calculated to account for differences in sample load between injections as well as differences in ionization. The normalization factor was determined by comparing the abundance of the spike in Pierce Retention Time Calibration mixture among all the samples. The experimental design was setup to group multiple injections from each run. The algorithm then calculates the tabulated raw and normalized abundances, maximum fold change, and Anova p values for each feature in the dataset. The MS/MS spectra was exported as .mgf (Mascot generic files) for database searching. The Mascot search results was exported as .xml files using a significance cutoff of p < 0.05 and FDR of 1% and then imported into the Progenesis QI software, where search hits was assigned to corresponding peptides. Relative protein-level fold changes were calculated from the sum of all unique, normalized peptide ion abundances for each protein in each run. Heatmaps were made using the matrix visualization and analysis platform, GENE-E (Broad Institute, https://www.broadinstitute.org/cancer/software/GENE-E/). STRING interactome software was used to visually represent the differentially expressed proteins.
Brain homogenization and immunoblots
For immunoblot validation of mass spec hits, forebrains were homogenized in RIPA buffer supplemented with PhosSTOP and 1 3 cOmplete Mini protease inhibitor cocktail (Roche) to measure protein expression. The protein concentration in the RIPA soluble Quantitative real-time PCR RNA was extracted from cortex using Trizol extraction and Purelink RNA kit (ThermoFisher Scientific). RNA was reverse-transcribed using the Bio-rad iScript cDNA Synthesis Kit or the SuperScript III first-strand synthesis system (ThermoFisher Scientific) according to the manufacturer's instructions. Samples were prepared using iQ or iTaq Universal Supermix (Bio-Rad). Taqman Primer-probe for Tmem106b (Mm00510952_m1) was used along with an Actin control. For the other genes, mRNA expression values were normalized to the level of GAPDH expression. The following probes from Thermo Fisher Scientific were used: GAPDH (Mm99999915_ g1), SLC17A5 (Mm00555344_m1), CatD (Mm00515586_m1), CatS (Mm01255859_m1), LAMP1 (Mm00495262_m1), C1qA (Mm00432142_m1), C1qB (Mm01179619_m1). Quantitative real-time PCR was performed using the C1000 Thermal Cycler and quantified using the CFX96 Real-Time System (Bio-Rad).
QUANTIFICATION AND STATISTICAL ANALYSIS
Two-tailed unpaired t test (for 2 groups) and one-way ANOVA (for > 3 groups) were performed using GraphPad Prism (version 5.0d). Gaussian distributions were assumed based on previous studies with behavior tests and our preliminary experiments. All data are shown as mean ± SEM and specific n values are reported in each Figure legend . Data are considered to be statistically significant if p < 0.05.
DATA AND SOFTWARE AVAILABILITY
Detailed datasets from the RNA-seq and Mass Spectrometry are provided in the Supplemental Tables.
